Electrostatics and electrodynamics of bacteriorhodopsin  by Porschke, D.
Biophysical Journal Volume 71 December 1996 3381-3391
Electrostatics and Electrodynamics of Bacteriorhodopsin
Dietmar Porschke
Max Planck Institut fur Biophysikalische Chemie, D-37077 Gottingen, Germany
ABSTRACT The stationary electric dichroism of bacteriorhodopsin is in qualitative, but not quantitative, agreement with the
orientation function for disks having a permanent dipole directed perpendicular to the plane and an induced dipole in the
plane. Fits of the orientation function to data measured at low field strengths demonstrate: an increase of the permanent
dipole moment ,t with the square of the disk radius r2, whereas the polarizability a increases with r4; the ionic strength
dependence is small for , and clearly stronger for a; the permanent dipole moment is 4x 1 06 D at r = 0.5 gm. According to
the risetime constants, the induced dipole does not saturate and increases to 4x 108 D at 40 kV/cm and r = 0.5 ,tm. The data
indicate that the permanent dipole is not of some interfacial character but is due to a real assymetry of the charge distribution.
The experimental dipole moment per protein monomer is -55 D, whereas calculations based on the structure of Grigorieff
et al. (Grigorieff, N., T. A. Ceska, K. H. Downing, J. M. Baldwin, and R. Henderson. 1996. Electron-crystallographic refinement
of the structure of bacteriorhodopsin. J. Mol. Biol. 259:393-421) provide a dipole moment of -570 D. The difference is
probably due to a nonsymmetric distribution of charged lipid residues. It is concluded that experimental dipole moments
reflect the ,u-potential at the plane of shear for rotational diffusion, in analogy to the c-potential used for translational diffusion.
It is suggested that the permanent dipole of bacteriorhodopsin supports proton transport by attraction of protons inside and
repulsion of protons outside of the cell. Dichroism rise curves at field strengths between E = 150 and 800 V/cm reveal an
exponential component with time constants T3r in the range between 1 and 40 ms, which is not found in Brownian dynamics
simulations on a disk structure using hydrodynamic and electric parameters characteristic of bacteriorhodopsin disks. The
experimental data suggest that this process reflects a cooperative change of the bacteriorhodopsin structure, which is
induced already at a remarkably low field strength of -150 V/cm.
INTRODUCTION
The electric parameters of bacteriorhodopsin have been
studied in many different investigations by a large number
of authors (Shinar et al., 1977; Keszthelyi, 1980; Druck-
mann and Ottolenghi, 1981; Kimura et al., 1981, 1984;
Barabas et al., 1983; Kahn and Tu, 1984; Stoylov et al.,
1984; Papp et al., 1986; Taneva et al., 1987, 1992). The
analysis of electric parameters is closely related to that of
field-induced reactions in bacteriorhodopsin, which have
also been discussed extensively (Tsuji and Neumann,
1981a,b; 1983; Tsuji and Hess, 1986, 1990; Tsuji et al.,
1988). In spite of this considerable activity, the views on the
nature of the remarkable electric parameters of bacteriorho-
dopsin did not converge yet. Although there is experimental
evidence indicating the existence of a high permanent elec-
tric dipole moment associated with bacteriorhodopsin, it has
been suggested that at least part of the membrane charge
asymmetry is of an interfacial or electrokinetic nature (e.g.,
Taneva et al., 1992). An unequivocal decision on the nature
of electric parameters of macromolecules and of macromo-
lecular complexes is not trivial at all, because there is a large
number of different effects that may contribute to a given
experimental phenomenon. Until now the assignment of
dipole moments and of polarizabilities has been based on
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electrooptical measurements performed at different frequen-
cies. Using this approach, several authors (Barabas et al.,
1983; Kimura et al., 1984; Papp et al., 1986) concluded that
the electrooptical data observed for standard bacteriorho-
dopsin preparations are consistent with a disk model having
a permanent dipole perpendicular to its plane and a high
polarizability parallel to this plane. The orientation function
for this case has been developed many years ago by Shah
(1963). However, Shah's orientation function has not been
applied yet for any quantitative analysis of data over a
sufficiently wide range of experimental conditions. This
appears to be partly due to the mathematical complexity of
this function. According to the literature, all applications
presented until now remained limited to simple approxima-
tions, which can be valid only in a restricted range of
conditions.
In the present investigation electrooptical data have been
collected for a wide range of experimental conditions. By
using a special pulse generator it has been possible to apply
relatively long electric field pulses without any decay of the
field strength E up to rather high E-values. Thus, stationary
values of the electric dichroism could be measured over a
wide range of electric field strengths and ionic strengths.
The dichroism values obtained at different field strengths
have been analyzed quantitatively according to the orienta-
tion function described by Shah (1963). The results provide
more substantial evidence for the existence of a true per-
manent asymmetry of the charge distribution in bacterio-
rhodopsin, but also demonstrate clear deviations between
experimental data and the standard model.
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A detailed analysis of the electrooptical transients and a
comparison with results of Brownian dynamics simulations
demonstrates the existence of a special process, which does
not reflect simple field-induced rotational relaxation of
membrane disks. This process reveals information about the
internal electrodynamics of bacteriorhodopsin disks.
MATERIALS AND METHODS
Bacteriorhodopsin samples were kindly provided from the laboratory of D.
Oesterhelt. These samples were analyzed after extensive dialysis against
the buffers used for the measurements. The standard buffer contained 1
mM NaCl, 1 mM sodium cacodylate pH 7.0, and 0.2 mM EDTA. The other
buffers mentioned in the text were prepared either by dilution or by
addition of NaCl. To suppress aggregation, the samples were sonicated
before measurements; for this type of sonication a relatively weak source
of ultrasound was used to avoid destruction of the membrane disks: the
samples contained in a glass vessel were sonicated in the bath of a
Bransonic 220 for 2 to 3 min. Part of the samples were subjected to strong
sonication for preparation of smaller membrane fragments by a Branson
sonifier B 12. After sonication these samples were separated according to
their size by gel filtration on Sepharose 4B (Pharmacia, Uppsala, Sweden)
in 0.1 M NaCl, 1 mM sodium cacodylate pH 7.0, and 0.2 mM EDTA. The
fractions were dialyzed into the standard buffer for the measurements.
Usually the samples were analyzed at concentrations corresponding to an
absorbance at 546 nm of 0.02 to 0.05 at a light path of 1 cm. Concentrations
were calculated using an extinction coefficient of 63,000 M` cm-' at 568
nm (Oesterhelt and Hess, 1973). All the data reported below are for the
light-adapted form of bacteriorhodopsin. All samples showed the absor-
bance maximum at 568 nm characteristic of the native form of bacterio-
rhodopsin. The size of our bacteriorhodopsin samples was determined from
the dichroism decay time constants Td: using an equation for the rotational
relaxation time constant Td of thin circular disks (Perrin, 1934), the diam-
eter b of the disks was calculated according to
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where -1 is the viscosity of the medium and kT the thermal energy.
Electric field pulses in the low field regime were generated by a
programmable arbitrary waveform generator AWG 5105 from Tektronix.
The pulses were amplified by a precision power amplifier 5205A from
Fluke. The samples were subjected to the electric field pulses in a standard
cuvette with 1 cm optical pathlength with an insert machined from Teflon
holding platinum electrodes at a distance of 4.8 mm. The linear dichroism
signals were recorded by an optoelectronic detection system constructed
for measurements of temperature jump relaxation: a 100 W halogen tung-
sten lamp was used as a light source together with a Schoeffel GM250
grating monochromator; the dichroism was measured at 546 nm using a
Glan polarizer from calcite obtained from Halle (Berlin); part of the light
beam was reflected by a quartz plate on a reference multiplier; the refer-
ence signal was used for compensation of fluctuations of the light intensity
by a simple analog electronics device. The dichroism transients were
recorded together with the electric field pulses by a Tektronix DSA602
digital signal analyzer. The data were transmitted to a PC, where a simple
graphics routine was used for analysis of changes of stationary light
intensities. Pulses of high electric field strength were generated by the
cable technique: the setup used for pulse generation was a modified version
of that described by Grunhagen (1974); the setup used for detection has
been briefly described by Porschke (1980). Any influence of electrode
polarization on the electric field strength in the samples has not been
considered, because it should be negligible for the essential experimental
data obtained in the present investigation. Dichroism transients were ana-
lyzed after transfer of the data to the facilities of the Gesellschaft fir
wissenschaftliche Datenverarbeitung mbH, Gottingen, by a set of programs
t [s]
t [As]
FIGURE 1 Change of the light intensity (Al) transmitted by a bacterio-
rhodopsin solution induced by pulses of different electric field strengths E.
The light of wavelength 546 nm was polarized parallel to the field vector
(standard buffer, 20°C). The transients shown in (a) and (b) were obtained
by the pulse generator for low electric field strengths, whereas the transient
(c) was obtained by the cable technique (without reversal of the field
vector; cf. Materials and Methods). The exponential processes of the rise
curve in (b) are indicated by 1, 2, and 3 (see Electrodynamics).
developed for analysis of chemical and physical relaxation, including
programs for deconvolution.
RESULTS
Electrostatics
The electric dichroism of bacteriorhodopsin is known to be
very large and can be measured without problems. The data
described below have been mainly measured with the plane
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of polarization parallel to the field vector. Controls at the
magic angle orientation did not indicate changes of the
bacteriorhodopsin structure induced by the field pulses un-
der the conditions of the present investigation. It should be
noted that there may be field-induced conformation changes
that are not indicated by absorbance changes under magic
angle conditions (see Electrodynamics). As shown by the
examples in Fig. 1, the electric field pulses were always
sufficiently long to ensure complete adjustment of the sta-
tionary equilibrium of the orientation (transients are dis-
cussed in Electrodynamics). The stationary changes of the
light intensity were used to calculate the stationary dichro-
ism according to
AA,,- AAL 1.5 . 6AIIAE/E= - - _
A A (2)
where AA,, and AA, are the field-induced absorbance
changes measured by light polarized parallel and perpen-
dicular to the field vector, respectively; A is the absorbance
in the absence of an external electric field. The dichroism is
negative at low electric field strengths E and shows a
minimum at relatively low E-values (Fig. 2); for samples of
large size (radius r = 0.5 ,um) the minimum appears at E -
100 V/cm and the dichroism changes its sign at E - 500
V/cm. This special dependence of the dichroism on the field
strength is consistent with the orientation function for disks
having a permanent dipole moment ,t in perpendicular
direction to their plane and a preferential polarizability a in
the direction of the plane. This orientation function has been
described by Shah (1963)
AdEE = -2 -. * (AdEE). (3a)
3
e-((PI/4y)+y)[ f(e- - Se) - 5(e-g + e)]1[p2
+2,
where
t2
e-Xdx2
tl
tl = - Fy - f/2 TF t2 = y- p1/2 y
P = -pE/kT (3d)
y =-aE212kT (3e)
(AE/E)o. is the value of the reduced dichroism in the limit of
high electric field strengths, E the electric field strength, and
kT the thermal energy.
The orientation function (Eq. 3) has been coded in For-
tran and combined with an efficient least-squares fitting
0.0-
-0.2- x
-0.4-
-0.6 ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6
E [kV/cm]
FIGURE 2 Reduced electric dichroism AE/E of bacteriorhodopsin as a
function of the electric field strength E. The continuous line represents a
least-squares fit of the data points (0) according to the orientation function
(Eq. 3) with a permanent dipole moment ,u = 1.19 X 10-23 Cm, a
polarizability a = 6.6 X 10-28 Cm2 V-1 and a limiting value of the
dichroism (Ad1,E)O. = 0.31; the experimental data marked by x were not
included in the least-squares fit (standard buffer, 20°C).
routine. Fitting of the experimental data shows that data
measured over a range of electric field strengths up to 500
V/cm cannot be represented by the orientation function at a
sufficient accuracy (cf. Fig. 2). The difference between
theoretical expectation and experimental results may be due
to different reasons. One of the potential reasons is a size
heterogeneity of the samples. Thus, the size distribution was
examined by a careful analysis of the dichroism decay
curves. The decay curves obtained for the original samples,
which have been subjected to a short treatment by ultra-
sound of relatively low energy in order to suppress aggre-
gation, could be fitted by single exponentials at a high
accuracy. Furthermore, the time constants ro evaluated from
decay curves measured after pulses of widely different
electric field strength remained within a narrow range, de-
fined by the usual limits of experimental accuracy. It should
be mentioned that dichroism decay time constants are very
sensitive indicators of the size and, thus, any significant size
variation should be easily detectable. According to these
results the size distribution of the large bacteriorhodopsin
disks used in our experiments was rather narrow.
The stationary values of the dichroism obtained for large
bacteriorhodopsin disks with diameters in the range of 1 ,um
can be fitted by the orientation function, provided that the
electric field strength remains limited to about 150 V/cm
(cf. Fig. 2). The permanent dipole moment obtained from
this fit is 1.19X 10-23 Cm and the polarizability 6.6X 10-28
Cm2 V-1. The permanent dipole moment corresponds to
63.6X 10 D and the induced dipole moment at a field strength
of 100 V/cm corresponds to 2X 106 D. Both the permanent
and the induced dipole moment are extremely high. This
may suggest that the induced dipole moment is at the limit
of its saturation and that the experimental dichroism at E 2
100 V/cm lags behind the values extrapolated from the
3383Porschke
Volume 71 December 1996
dependence observed at lower field strengths, because the
induced dipole does not increase with E as implied by
Eq. 3.
The nature of the deviation has been studied in more
detail by measurements of the dichroism response at high
field strengths E. The stationary dichroism of bacteriorho-
dopsin disks increases with E in a range of E-values, where
saturation of the orientation of the disks would be expected,
if their electric parameters found at low field strengths
would be valid up to high field strengths. The limit value of
the dichroism approached at high field strengths in the range
of 70 kV/cm is approximately 0.45. The limit dichroism of
the same sample evaluated by least squares fitting of the
dichroism measured at low field strengths to Eq. 3 is 0.34.
It is difficult to get quantitative information from this grad-
ual increase of the dichroism with E at high E-values. A
more direct source of information are the time constants of
rotation in the presence of the electric field. At low electric
field strengths the rise of the dichroism is associated with
more than a single time constant. At high field strengths (cf.
Fig. 1 c), however, the rise curves can be fitted by single
exponentials r' at a satisfactory accuracy. This is attributed
to a much higher energy and thus also a much higher torque
resulting from the induced dipole compared to that resulting
from the permanent dipole at high field strengths. It is
known that the reciprocal risetime 1/1- of induced dipoles
increases with E2 at high E-values. As shown in Fig. 3, this
relation is also found for bacteriorhodopsin disks in a wide
range of field strengths. The slope d(l1/'/d(E2) observed in
the range from 2 to 40 kV/cm is 2.2x10-7 m2 S- Vv-2 and
may be used to calculate the polarizability a according to an
equation given by Schwarz (1956)
2 a Dr2 (4)kT x(
[ms']
2000
1000
E2 [(kV/cm)']
FIGURE 3 Reciprocal risetime I/Ti- of bacteriorhodopsin measured at
"high" electric field strengths (see Fig. 1 c) as a function of the square of
the electric field strength E2. The straight line has been obtained by linear
regression with intercept 0; the slope is 2.2 X 10-7 m2 S-I V-2 (standard
buffer, 20°C).
where Dr is the coefficient for rotational diffusion and x0 is
a calibration factor. According to Schwarz the calibration
factor is 3.35; recent numerical calculations (Antosiewicz et
al., 1991) revealed a value of 2.9. Using the values xo =
2.90 and Dr = 1/(6 d) = 3.54 s-', the polarizability is a =
3.6 X10-28 Cm2 V-l, which is surprisingly close to that
derived from the stationary dichroism measured for the
same sample (4.9X 10-28 Cm2 V-') at low field strengths
by a least-squares fit to Eq. 3. This result indicates that the
induced dipole does not saturate in the present case and is
valid over a broad range of electric field strengths. The
induced dipole of the sample used for the measurements
shown in Fig. 3 increases to 4.3 X 108 D at 40 kV/cm.
More information on the nature of the electric parameters
of bacteriorhodopsin was obtained from measurements on
samples of various size. Samples of reduced size were
prepared by sonication, followed by fractionation using gel
filtration (see Materials and Methods). Depending on the
energy of sonication and the duration of the treatment it was
possible to prepare fragments of different sizes. However, in
spite of the fractionation procedure, the samples prepared by
this procedure were not as homogeneous as the original
ones, as indicated by the dichroism decay curves, which
required more than a single exponential for satisfactory
fitting. The average size of the fragments was assigned
according to the average dichroism decay time constants.
The stationary values of the dichroism measured as a func-
tion of the electric field strength E arrived at the character-
istic minimum at higher field strengths for samples of lower
size. Least squares fitting of these data by the orientation
function (Eq. 3) reveals a clear decrease of both the dipole
moment ,u and the polarizability a with decreasing size of
the fragments. Linear regressions of log(,) and log(a) ver-
sus log(Td) provide the slopes 0.76 and 1.33, respectively
(Fig. 4 and Fig. 5).
According to theory the dichroism decay time constant To
increases with the 3rd power of the disk radius (Eq. 1). If the
log(j. 1
1.z-
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)24) ,
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log(vd)
FIGURE 4 Logarithm of the permanent dipole log(,u X 1024) of bacte-
riorhodopsin disks as a function of the logarithm of the dichroism decay
time constant log(Qr). The straight line was obtained by linear regression;
the slope is 0.76 (,A in units of Cm, r" in units of ms; standard buffer,
200C).
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FIGURE 5 Logarithm of the polarizability log(a X 1029) of bacterio-
rhodopsin disks as a function of the logarithm of the dichroism decay time
constant log(r4). The straight line was obtained by linear regression; the
slope is 1.33 (a in units of Cm2 V- 1, 4 in units of ms; standard buffer,
20°C).
dipole moment ,u increases with the disk area, the slope
expected from a linear regression of log(,u) versus log(Ho) is
0.67. The observed slope is consistent with this expectation.
Because the number of bacteriorhodopsin molecules in-
creases linearly with the disk area, the observed dependence
is consistent with a permanent anisotropy of the charge
distribution in bacteriorhodopsin. The corresponding slope
observed for the polarizability a is identical with that ex-
pected for an increase of a with the 4th power of the disk
radius.
Another valuable indication for the nature of the electric
parameters is their dependence on the salt concentration.
For this reason the electric dichroism of bacteriorhodopsin
samples has been measured at various ionic strengths and
the resulting data were again analyzed in terms of the
orientation function (Eq. 3). The permanent dipole moments
,u obtained by this procedure show a relatively small de-
crease at an increase of the ionic strength I from 0.61 to 12.4
mM. The ,u-values obtained for two bacteriorhodopsin sam-
ples of different size can be represented as a linear function
of the square root of the ionic strength at a reasonable
accuracy (Fig. 6). The slopes obtained for the two samples
by linear regression are quite similar, if these values are
given relative to the magnitude of the ,u-values.
The polarizabilities derived from the same set of exper-
imental data show a much higher dependence on the ionic
strength (cf. Fig. 7). This dependence indicates that the
polarizability reflects a property of the ion atmosphere
around the bacteriorhodopsin disks.
Finally, the experimental data may be used to calculate
the permanent dipole moment of a single bacteriorhodopsin
molecule. Using a linear regression of the dipole moments
obtained for samples of different size in the standard buffer
against the disk area, together with the area of a single
bacteriorhodopsin molecule of 11.5 nm2 (Unwin and Hen-
derson, 1975; Henderson et al., 1990), the molecular dipole
moment is 55 D.
FIGURE 6 Permanent dipole moment ,u of two bacteriorhodopsin sam-
ples of different size as a function of the square root of the ionic strength
L. The data for a large size sample with Td = 67 ms are indicated by + and
for a small size sample with id = 3.7 ms by X; the straight lines represent
linear regressions with the slopes -1.8 and -0.13 for the larger and
smaller samples, respectively.
800-
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FIGURE 7 Polarizability a of two bacteriorhodopsin samples of differ-
ent size as a function of the square root of the ionic strength I. The data for
the larger samples with T4 = 67 ms are indicated by + and for the smaller
sample with T4 = 3.7 ms by X (the measured value indicated by o was not
included in the linear regression); the straight lines represent linear regres-
sions with the slopes -265 and -9.6 for the larger and smaller samples,
respectively.
Model calculation
The structure of bacteriorhodopsin has been determined by
electron cryo-microscopy up to a resolution of 3.5 A in the
direction of the membrane plane and of 4.3 A perpendicular
to this plane (Henderson et al., 1990; Grigorieff et al.,
1996). In this structure "the positions of nearly all the
important residues of bacteriorhodopsin are now well de-
termined" (Grigorieff et al., 1996). The residues at both
ends of the peptide chain, 1 to 6 and 228 to 248, are
"genuinely disordered," but these residues must be close to
the membrane surface and thus their contribution to the
1.8-
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dipole moment perpendicular to the membrane plane may
be estimated at a reasonable degree of accuracy.
According to experimental and theoretical investigations
of different proteins (Antosiewicz and Porschke, 1989a,
1995) it is known that the main contribution to dipole
moments usually comes from the positive charges on argi-
nine and lysine side chains and from the negative charges on
aspartic and glutamic acid side chains. It is rather simple to
calculate the dipole moment resulting from these residues in
the protein core according to the model. Using the coordi-
nates 2brd of the Brookhaven Protein Data Bank, the cal-
culation shows that the dipole component perpendicular to
the membrane plane is 145 D; the other orthogonal compo-
nents are 303 and 32 D. However, these dipole components
do not include the contribution from the terminal residues
yet.
For a reasonable estimate of their contribution to the
dipole moment perpendicular to the membrane plane, it
should be sufficient to count the number of charges of the
terminal residues "inside" and "outside" and multiply this
number with the membrane thickness. A minor complica-
tion results from the fact that there are five negative charges
inside and no charges outside. Because the dipole moment
is defined by the torque, the five negative charges on the
inside are considered with a lever of half of the membrane
thickness. Using a membrane thickness of 6 nm, the dipole
component from the terminal residues is 719 D directed
from the inside to the outside. The sum of the core and the
loop residues is 574 D in the direction from inside to
outside. Obviously, this dipole moment should be regarded
as approximate. It should be mentioned that the dipoles of
the a-helices hardly contribute, because most of their dipole
components compensate each other and thus the combined
contribution resulting from the a-helices is negligible com-
pared to that resulting from residues bearing full charges.
Electrodynamics
The electrooptical data in Fig. 1 demonstrate the existence
of three different types of dichroism rise curves (observed
during application of the first pulse): 1) the dichroism rise
curves found in the low field regime require two exponen-
tials for a satisfactory representation; in this regime all the
observations are consistent with the existence of a perma-
nent dipole; 2) at high field strengths the dichroism rise can
be described by a single exponential at a satisfactory accu-
racy; all the observations in this range, including the field
strength dependence of the rise time constant, are consistent
with the dominant contribution from an induced dipole; 3)
in an intermediate range of electric field strengths the di-
chroism rise curves clearly show the existence of three
relaxation processes (cf. Fig. 1 b); the assignment of these
processes requires a detailed analysis.
According to theory, electrooptical transients may in-
volve up to eight relaxation times during rise and reversal
(Wegener, 1986), with only five of these present during
decay (Wegener et al., 1979). Analytical solutions for elec-
trooptical transients have been presented only for simple
limit cases. Transients for complex combinations of electri-
cal parameters and also for the case of intermediate electric
field strengths cannot be easily predicted, but may be gen-
erated by numerical simulations. For an assignment of the
present experimental observations, electrooptical transients
have been generated by Brownian dynamics simulations on
a model using all the known parameters of bacteriorhodop-
sin disks.
According to all available informations standard bacte-
riorhodopsin samples are very well ordered in thin disk
structures. For a simulation of the hydrodynamic parameters
of such thin disks, the disk structure is represented by an
assembly of beads as shown in Fig. 8. The beads are
arranged in a hexagonal packing order to a circular disk
with an effective diameter of 980 nm. The principal com-
ponents of the diffusion tensor have been calculated by bead
model simulations (Garcia de la Torre and Bloomfield,
1981; Antosiewicz and Porschke, 1989b). The resulting
parameters have been used for the calculation of electroop-
tical transients using a Brownian dynamics simulation pro-
cedure described by Antosiewicz et al. (1991). Examples of
electrooptical transients simulated for the different regimes
of electric field strengths are given in Fig. 9.
A comparison of the calculated transients with the exper-
imental ones demonstrates that there is a close agreement
for the low- and the high-field regime. It should be noted
that the experimental data shown in Fig. 1 represent changes
of the transmitted light intensity, whereas the simulated data
shown in Fig. 6 are given as changes of the dichroism: this
is the reason for the opposite direction of the optical effects.
A clear difference is found at intermediate electric field
strengths, where the simulated dichroism rise curves show
two main exponential components, whereas the experimen-
tal rise curves reveal three components. The difference
demonstrates that the third component cannot be assigned to
FIGURE 8 Bead model of a bacteriorhodopsin disk. 399 beads are
arranged in hexagonal order in a circular disk. The effective diameter of the
disk is 980 nm, the radius of individual beads is 14 nm. The bead model
simulation provides the following principal components of the rotational
diffusion tensor 3.081, 3.437, 3.411 (s- ').
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FIGURE 9 Brownian dynamics simulation of electrooptical transients of
the disk shown in Fig. 8 using the following parameters: permanent dipole
moment perpendicular to the plane 8.7x 10-24 Cm, polarizability parallel
to the plane 4.9x 10-28 Cm2 V-'; extinction tensor: in plane components
76,000, component perpendicular to the plane 19,000. The transients a-c
show the electric dichroism AE/E as a function of the time t in the different
regimes of the electric field strength E.
a standard electrooptical response of a disk structure under
the given conditions.
The transients given in Fig. 9 were calculated on the basis
of a simple standard polarizability: it was assumed that the
time constant for the induction of the induced dipole is
small compared to the time scale of rotational diffusion. The
experimental data demonstrate that there is indeed an in-
duced dipole in bacteriorhodopsin with a small induction
time constant. This does not exclude, however, that there is
an additional induced dipole component with a large induc-
tion time constant in the ms time range. Thus, it is possible
40-
Tr
[ms]
30-
20-
10-
that the additional component observed for bacteriorhodop-
E sin disks represents a slow polarization process. However, it
[V/cm] is also possible that the additional component represents
some field-induced change of the bacteriorhodopsin struc-
ture. As a basis for an assignment, some further information
on the third process is required.
The additional process has been observed for given bac-
teriorhodopsin samples only in a rather limited range of
electric field strengths, but in this range its time constant
-r3
changes by an order of magnitude. Tr can be represented as
a linear function of the reciprocal electric field strength lIE
(Fig. 10). The high slope indicates that the reaction reflected
by this relaxation process involves the cooperative response
of many protein molecules-probably of the whole disk.
o E The magnitude of the "cooperative size" may be studied by
[V/cm] an analysis of the process in samples of different sizes.
o° When the size of the bacteriorhodopsin disks is decreased,
the additional process appears at higher electric field
strengths. The time constants observed for different frag-
)o ment sizes at various electric field strengths are compiled in
Fig. 11 as a function of the reciprocal electric field strength.
0° The data suggest that all the time constants r3 can be
)O represented by a general function, but it should be useful to
analyze this feature in more detail in future.
Measurements over a range of different concentrations
from 0.38 to 5.4 ,uM bacteriorhodopsin demonstrate that r3
E at fixed field strengths is independent of the concentration,
[kV/cm] within the limits of experimental accuracy. Thus, the addi-
tional process cannot be attributed to some intermolecular
interaction, but reflects an intramolecular reaction.
It would be useful to characterize the transition range
from the intermediate regime with three exponentials in the
rise process to the high-field regime, where the rise curves
can be represented by single exponentials. For technical
0 70io, o o . o.110 20 3E0 4[0
1/E [cm/kV]
FIGURE 10 Dichroism rise time constants iT (+), 7-2 (X), and T3 (0) as
a function of the reciprocal electric field strength lIE (standard buffer,
20°C, the dichroism decay time constant of the bacteriorhodopsin sample
is 47 ms). The straight lines represent linear regressions with the following
slopes: T, 0.731 (...*); T2 0.828 (--- -); i3 8.14 ( ), with intercept -13.5
(intercept = 0 in regressions for Tr, and T2).
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FIGURE 11 Dichroism risetime constant r3 as a function of the recip-
rocal electric field strength lIE for bacteriorhodopsin samples of different
size. The dichroism decay time constants and the disk diameters derived
from these values are: 51 ms-975 nm (X), 49.4 ms-965 nm (0), 47.1
ms-949 nm (A), 29.4 ms-81 1 nm (V), 20 ms-714 nm (+).
reasons this range has not be analyzed yet in sufficient
detail. Thus some problems associated with the additional
process remain for further investigation.
DISCUSSION
Electrostatics
The electric parameters of bacteriorhodopsin are of special
interest, partly because of the unusual magnitude of the
permanent dipole moment and also because of a potential
biological function of this dipole. The large permanent
dipole moments observed for bacteriorhodopsin samples
raised considerable doubts, whether these dipoles are due to
a real permanent anisotropy of the charge distribution. The
doubts partly result from the fact that dipole moments in the
order of magnitude around 106 D are hard to imagine on the
molecular level and partly from the observation of saturated,
induced dipoles in linear polyelectrolytes like DNA double
helices (cf. Diekmann et al., 1982). Thus, the interpretation
of the electric parameters by interfacial or electrokinetic
effects has been favored, e.g., by Taneva et al. (1992), and
certainly it is not simple to falsify this view.
One of the reasons for another investigation of this sub-
ject is the fact that the appropriate orientation function has
not been used for a quantitative analysis of electrooptical
data yet. Previous investigations with assignments of dipole
moments and polarizabilities were based on measurements
at different frequencies, which involves some risk for the
introduction of errors. For example, there may be a slow
polarizability component that is not included by measure-
ments at a frequency of a few kHz. The procedure used in
the present investigation is more straightforward. Moreover,
the concentrations used in the present investigation were an
order of magnitude lower than those used for previous
measurements. Under these conditions any artifacts result-
ing from field-induced interactions between bacteriorho-
dopsin disks have been avoided (cf. Porschke, 1985). Con-
tributions from field-induced interactions were apparent
under the conditions of previous measurements (cf. Baraba's
et al., 1983) and lead to particularly large perturbations
under light scattering detection, but also affect measure-
ments of the dichroism by changes of the turbidity.
The observed linear increase of the permanent dipole
moment with the area of the membrane fragments supports
the assignment of this dipole moment to a real asymmetry of
the charge distribution. This assignment is also supported
by the quite different dependence of the polarizability,
which increases with the 4th power of the radius, corre-
sponding to the square of the area. Furthermore, evidence
for the existence of a true permanent dipole moment comes
from the relatively small dependence of the permanent
dipole on the ionic strength compared to the much higher
ionic strength dependence of the polarizability.
Among the previous electrooptical investigations, the
most detailed one has been reported by Kimura et al. (1984).
These authors have used AC pulses for the characterization
of the polarizability and found in their double logarithmic
plot of the permanent dipole moment against the dichroism
decay time constant a slope of 0.67, and in the correspond-
ing plot for the polarizability a slope of about 1. Thus their
conclusions on the size dependence are similar. However,
the magnitudes of the parameters are different. The perma-
nent dipole moment of Kimura et al. is higher than that
found in the present investigation by a factor of approxi-
mately 2. The difference may be partly due to the experi-
mental conditions (Kimura et al. measured at 4°C in 1 mM
NaCl), but it is likely that the main difference results from
the different procedures used for measurements and evalu-
ation.
Apparently it has not been attempted yet to calculate the
dipole moment of bacteriorhodopsin from its structure. Al-
though the calculation can only be approximate, because
part of the structure is disordered (Grigorieff et al., 1996), it
provides clear evidence for the existence of a permanent
dipole component in the direction perpendicular to the
membrane plane. Obviously the existence of an asymmetry
in the charge distribution in a single bacteriorhodopsin
molecule adds up to huge dipole moments for membrane
disks containing large numbers of these molecules in a
well-ordered arrangement. The conceptional difficulty as-
sociated with these large dipole moments mainly results
from the danger that these are misinterpreted in terms of
point dipoles. Obviously the permanent dipole of bacterio-
rhodopsin disks is not a point dipole, but a multipole of
unusual dimensions, which leads to a huge torque already at
low field strengths.
One of the effects that must be associated with huge
permanent dipole moments is electrostatic shielding by
counterions. From this point of view, it may be surprising
that external electrostatic fields induce a torque in the pres-
ence of an excess of counterions. The apparent problem is
uX.
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analogous to that of charged lipid vesicles, which show
electrophoretic motion although the charges are compen-
sated at some distance from the surface. The electrophoretic
motion of these particles is determined by the electrostatic
potential at the plane of shear between the vesicle-associ-
ated and the stationary part of the double layer. This poten-
tial is called the c-potential (Helmholtz, 1879; Overbeek and
Wiersema, 1967; McLaughlin, 1977). The c-potential has
been defined for translational motion. In direct analogy, an
effective dipole potential has to be defined, the ",u-poten-
tial," which determines the torque at the plane of shear for
rotational diffusion. For the case of the c-potential it has
been estimated that the thickness of the layer moving with
the vesicles is about 0.2 nm. It is likely that the thickness of
the corresponding layer in the case of the ,u-potential is of
very similar magnitude. This interpretation explains at least
qualitatively that dipoles of proteins show a relatively weak
dependence on the ionic strength, not only in the case of
bacteriorhodopsin, but also in all the various cases that have
been analyzed previously: lac-repressor (Porschke, 1987),
a-chymotrypsin (Antosiewicz and Porschke, 1989a;
Schonknecht and Porschke, 1996), acetylcholinesterase
(Porschke et al., 1996).
According to the model calculation the permanent dipole
of bacteriorhodopsin is directed from the inside of the cell to
the outside. Some evidence supporting this assignment of
the dipole direction comes from an experiment of Kimura et
al. (1984): digestion by trypsin led to a reduction of the
dipole moment determined by their procedure. According to
Kimura et al. (1984) trypsin removed "one negative charge
from the cytoplasmic side" and thus the electrooptical result
is consistent with an in->out direction of the dipole. It
should be possible now to use site-directed mutagenesis (cf.
Mostafa et al., 1996; Hsu et al., 1996) to modify both
magnitude and direction of the dipole moment and to com-
pare theoretical expectations with experimental results. One
of the problems remaining in the quantitative assignment of
the electrostatic parameters is the contribution of lipids (cf.
Jonas et al., 1990). It is very likely that the difference
between the experimental and the calculated dipole moment
mainly results from an asymmetry in the distribution of
charged lipid residues.
Finally, the question should be discussed whether the
permanent dipole contributes to the function of bacteriorho-
dopsin. The function is pumping of protons from the cell
interior to the external medium driven by light absorption
(cf. Stoeckenius et al., 1979; Lanyi, 1993). This function
requires supply of protons to the pump entrance at the
cytoplasmic side and removal of protons at the exit of the
pump. Obviously both supply and removal of protons are
based on diffusion. The efficiency of both processes may be
increased by electrostatic potential gradients. At the en-
trance protons may be attracted by some negative potential,
which may contribute via long-range electrostatic interac-
tions to a considerable increase of the target size. At the exit
protons may be pushed away by some positive potential.
The combined negative entrance potential and the positive
exit potential are equivalent with a permanent dipole mo-
ment. The direction of this dipole moment is consistent with
the dipole calculated according to the molecular model of
bacteriorhodopsin. Further investigations may demonstrate
whether the large permanent dipole moments observed for
other membrane proteins, e.g., Na+/K+-ATPase (Porschke
and Grell, 1995), are also consistent with this interpretation.
Electrodynamics
Field-induced changes of the structure of membrane pro-
teins are of considerable interest for processing bioelectric-
ity. Evidence for field-induced conformation changes of
bacteriorhodopsin from electrooptical measurements in so-
lution has already been reported by Tsuji and Neumann
(1981a, 1983). In a subsequent investigation Stoylov et al.
(1984) analyzed the electrooptics of bacteriorhodopsin
again and did not find "firm" evidence for a field-induced
conformation change. An essential argument used by Tsuji
and Neumann in their assignment of field-induced confor-
mation changes is in contradiction with the results of the
present investigation. Tsuji and Neumann (1981a, 1983)
concluded that bacteriorhodopsin disks remain randomly
distributed during short pulses of high electric fields and
that the polarizability required for orientation of disks under
these conditions is unrealistically high. The quantitative
analysis presented above demonstrates that orientation of
bacteriorhodopsin disks must be expected under the exper-
imental conditions of Tsuji and Neumann.
The difficulty in the assignment of experimental obser-
vations results from the complexity of the system. Due to
the presence of a permanent and an induced dipole moment
in different directions, the field-induced orientation of bac-
teriorhodopsin disks is already a rather complex process.
Furthermore, electric fields may induce some special ef-
fects, such as field-induced interactions, and thus it is not
trivial to separate the different phenomena and to get un-
equivocal evidence for field-induced changes of conforma-
tions. In the present investigation the field-induced orienta-
tion of bacteriorhodopsin has been analyzed over a much
broader range of field strengths than before and the data
have been analyzed in more quantitative detail than previ-
ously. One of the results of this analysis is the detection of
a "special" process, which has not been described before
and does not fit into the standard scheme of orientation.
One of the possibilities for the assignment of the special
process is a slow polarization reaction in the plane of the
bacteriorhodopsin disks. It should be useful to compare the
present data with results on the polarization of the counter-
ion distribution around colloidal particles. According to
experimental data obtained by Schwan et al. (1962) and a
theoretical treatment by Schwarz (1962, 1972), the polar-
ization time constant of spherical particles is given by
r2
T 2 D (5)
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where r is the radius of the sphere and D is the surface
diffusion coefficient of the counterions. For particles with a
diameter of 1.17 , a characteristic frequency of 480 Hz
corresponding to a time constant of 300 ,us was found by
dielectric measurements, using low electric field strengths.
The shape of the bacteriorhodopsin particles is not spheri-
cal, but counterion polarization of disks is expected to
follow corresponding principles and thus is expected to
occur in the same time range with a similar dependence on
the size. The time constant of the special process observed
for bacteriorhodopsin disks of 1 gm diameter is about 40 ms
at low electric field strengths. This magnitude suggests that
the special process does not reflect a standard polarization
reaction with a shift of ions along the disk plane. For such
a polarization process a strong dependence of its time con-
stant on the size of the disks should be expected. The
evidence for a function describing the time constants ob-
served at different field strengths including data obtained
for different disk sizes (cf. Fig. 11) is hardly consistent with
an assignment to a standard polarization of the counterion
distribution.
The most direct argument for a field-induced conforma-
tion change would be the observation of field-induced ab-
sorbance changes under magic angle conditions. In the
present investigation some effects at the magic angle have
been observed, but these effects are not considered to be
sufficiently large as a proof for the existence of field-
induced conformation changes. However, field-induced
conformation changes are not necessarily reflected by ab-
sorbance changes of sufficient magnitude for experimental
analysis, but may be reflected more clearly by changes of
the optical anisotropy.
The special effect is associated with an increase of the
dichroism. A comparison of the limit dichroism obtained by
analysis of the data measured at low field strengths accord-
ing to Eq. 3 with the dichroism measured at high field
strengths indicates that there is a change of the structure
associated with an increase of the dichroism. Thus, the most
direct and straightforward interpretation of the combined
stationary and transient electrooptical data is in terms of a
field-induced change of the bacteriorhodopsin structure.
According to this interpretation, the special effect directly
reflects this change of structure. The observed values of the
dichroism indicate that the field-induced reaction leads to a
change of the structure, which is equivalent to an average
rotation of the chromophor from -64° to -69° with respect
to the direction of the permanent dipole vector, or -26° to
-21° with respect to the membrane plane. The results
reported previously on the angular orientation of the retinal
chromophor of bacteriorhodopsin are in the same range
(Heyn et al., 1977; Baraba's et al., 1983; Kimura et al., 1984;
Earnest et al., 1986; Papp et al., 1986; Lin and Mathies,
1989).
Any field-induced transition of the conformation requires
some change of the electric parameters associated with the
transition. In the present case the transition is already ob-
served at a remarkably low electric field strength in the
range of 150 V/cm. The observed dependence of the time
constant i3 is hardly consistent with a quadratic dependence
on the electric field strength, which would be expected for
a field-induced transition driven by an increase of a polar-
izability. The alternative mechanism based on a change of a
permanent dipole moment Alt requires a Ag-value in the
range of 1 X 10-24 Cm for the case of large bacteriorhodop-
sin disks. Although this may appear to be an unrealistically
high order of magnitude, it is about 10% of the magnitude
of the total dipole moment associated with large bacterio-
rhodopsin disks and thus seems to be reasonable, provided
that the transition is a cooperative process of the whole
membrane disk.
The results of the present investigation raise some prob-
lems that remain for further investigation. A major problem
is the nature of the field-induced transition of the bacterio-
rhodopsin disks. Furthermore, it remains to be shown
whether the field-induced transition is of biological rele-
vance. The transition may be the feedback element required
for explanation of oscillation phenomena recently found in
liposomes containing bacteriorhodopsin (Tributsch and
Bogomolni, 1994; Birge, 1994). It is remarkable that the
transition in bacteriorhodopsin is induced already at a rather
low electric field strength. Thus, bacteriorhodopsin disks
are of great interest as a model for the analysis of bioelectric
phenomena at low field strengths.
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